A 32-residue peptide, named dermatoxin, has been extracted from the skin of a single specimen of the tree frog Phyllomedusa bicolor, and purified to homogeneity using a four-step protocol. Mass spectral analysis and sequencing of the purified peptide, as well as chemical synthesis and cDNA analysis were consistent with the structure: SLGSFLKGVGTTLASVGKVVSDQF GKLLQAGQ. This peptide proved to be bactericidal towards mollicutes (wall-less eubacteria) and Gram-positive eubacteria, and also, though to a lesser extent, towards Gram-negative eubacteria. Measurement of the bacterial membrane potential revealed that the plasma membrane is the primary target of dermatoxin. Observation of bacterial cells using reflected light fluorescence microscopy after DNA-staining was consistent with a mechanism of cell killing based upon the alteration of membrane permeability rather than membrane solubilization, very likely by forming ion-conducting channels through the plasma membrane. CD spectroscopy and secondary structure predictions indicated that dermatoxin assumes an amphipathic a-helical conformation in low polarity media which mimic the lipophilicity of the membrane of target microorganisms. PCR analysis coupled with cDNA cloning and sequencing revealed that dermatoxin is expressed in the skin, the intestine and the brain. Preprodermatoxin from the brain and the intestine have the same sequence as the skin preproform except for two amino-acid substitutions in the preproregion of the brain precursor. The dermatoxin precursor displayed the characteristic features of preprodermaseptins, a family of peptide precursors found in the skin of Phyllomedusa ssp. Precursors of this family have a common N-terminal preproregion followed by markedly different C-terminal domains that give rise to 19±34-residue peptide antibiotics named dermaseptins B and phylloxin, and to the d-amino-acid-containing opioid heptapeptides dermorphins and deltorphins. Because the structures and cidal mechanisms of dermatoxin, dermaseptins B and phylloxin are very different, dermatoxin extends the repertoire of structurally and functionally diverse peptides derived from the rapidly evolving C-terminal domains of precursors of the dermaseptins family.
Gene-encoded antimicrobial peptides are an essential defense component of prokaryotic and eukaryotic organisms destined to circumvent invading pathogens and proliferation of commensals microoganisms. Since the discovery in 1970 of bombinin [1] , the first gene-encoded peptide antibiotic characterized in eukaryotes, amphibian skin secretions have become important sources of new antimicrobial agents [2±4] . In addition to biologically active peptides which are very similar to mammalian neuropeptides and hormones [5, 6] , the frog dermatous glands synthesize and store an extraordinarily rich variety of wide-spectrum antimicrobial peptides that are released onto the outer layer of the skin to provide an effective and fast-acting defense against harmful microorganisms. As a rule, a given amphibian species produces a unique repertoire of small peptide antibiotics that have overlapping structural features, but often target specific microorganisms [7] . The simultaneous presence of closely related antimicrobial peptides agents acting in synergy is thought to provide frogs with an extended shield against a wider range of harmful invaders. Furthermore, amphibians belonging to different families, genera and species store distinct set(s) of antimicrobial peptides with differing chain length, charge, hydrophobicity and activity spectrum. The impressive interspecies variations in the expression of skin antimicrobial peptides, which likely result from the coevolution of microorganisms specifically pathogenic for each frog species, may be exploited for discovering new antimicrobial molecules targeting specific microorganisms for which the therapeutic armamentarium is scarce.
To date, the microbicidal peptides of the frog skin have been arranged into three broad families on the basis of their sequence/tridimensionnal fold similarities: (i) linear amphipathic helix-forming peptides such as the magainins from the African clawed frog Xenopus laevis [8] and the caerins from the Australian anura Litoria splendida [9±11]; (ii) six different groups of disulfide-containing peptides identified in skin of Ranid, namely brevinins-1 and -2, ranaeturins-1 and -2, esculentins-1 and -2 [12±18]; (iii) the temporins, cystine-free hydrophobic peptides isolated from Rana temporaria, comprised of only 10±13 residues [19] .
In a previous study, we isolated a whole family of antimicrobial peptides, the dermaseptins B, from the skin secretions of the South American frog Phyllomedusa bicolor [20, 21] . Dermaseptins B are 24±34 residues long, polycationic (Lys-rich) peptides having a conserved Trp residue at position 3 and a AGK(Q)AA(V)LG consensus motif in the mid-region. Although the six characterized dermaseptins have differing lengths and amino-acid sequences they are all broad-spectrum microbicides that cause the lysis of many bacteria, protozoa, yeasts and fungi, but have no harmful effect on differentiated mammalian cells [20±22] . These peptides owe their cytolytic properties to a predilection to forming cationic amphipathic a-helical structures when associated with lipid membranes [22] . As these peptides kill microorganisms rapidly by destroying their plasma membrane, they are unlikely to induce antibiotic-resistant bacteria [23] . This makes them promising candidates for inclusion in new treatments of nosocomial infections and multidrug-resistant infections. Molecular cloning of the corresponding biosynthetic precursors [21, 24, 25] unexpectedly revealed that the preproregion of preprodermaseptins B, encompassing a 22-residue signal peptide and a 22±23-residue acidic propiece, is highly conserved and has striking similarities to the corresponding preproregions of the precursors of the dermorphins and deltorphins [26±32], d-amino-acid-containing opioid heptapeptides occuring in the skin of frogs of the family Phyllomedusinae [33±35].
Here we report the discovery of dermatoxin, a novel 32-residue linear antimicrobial peptide, in the skin secretions of P. bicolor. Dermatoxin is cationic, amphipathic and membranotropic but cannot be linked to any of the frog skin peptides isolated to date. Meanwhile it is excised from a prepropeptide which exhibits considerable similarity to the preprodermaseptins. Dermatoxin is thus an unexpected addition to the structurally and functionally diverse peptide subfamilies derived from the hypervariable C-terminal domain of precursors of the dermaseptin family.
M A T E R I A L S A N D M E T H O D S
Chemicals 9-Fluorenylmethoxycarbonyl (Fmoc) protected l-amino acids and poly(ethylene glycol) poly(styrene)-graft copolymer support (PEG-PS resin, substituted at 0.18 meq´g 21 ) were from Milligen (Bedford, MA, USA). Chemicals for peptide synthesis [dimethylformamide, dichloromethane, diisopropyl-carbodiimide, hydroxybenzotriazol (HOBt), piperidine, trifluroacetic acid (TFA), acetonitrile] were obtained from commercial sources and were of the highest purity available.
Housing the South American frog, Phyllomedusa bicolor
Frogs were housed in large wooden cages (120 Â 90 Â 90 cm; 12 animals per cage), covered on three sides by plastic mosquito net. Phyllodendron, Potos and Dracena were used as perches, and water bowls were provided for nocturnal baths. The frogs were fed crickets. Relative humidity was maintained at 65% by a constantly operating humidifier. The temperature was maintained at 25^1 8C.
Purification of dermatoxin from frog skin extract
A P. bicolor frog was killed and the skin and adherent tissues were minced with scissors and extracted for 1 min using a Braun press in 40 mL 10% acetic acid at 4 8C. The extract was centrifuged twice for 30 min at 10 000 g and the supernatant lyophilized. The dried extract was dissolved in 200 mL 5% acetic acid and lyophilized (yield 800 mg). This lyophylisate was subjected to reversed-phase HPLC on a Waters RCM compact preparative cartridge Deltapak C18 (300 A Ê , 100 Â 25 mm) loaded with 40 mg extract in water containing 0.07% TFA. The column was washed for 1 min with 0.07% TFA/water, and the extract was eluted at a flow rate of 8 mL´min 21 with a 0±60% linear gradient of acetonitrile containing 0.07% TFA (from 3 to 33 min). Ten-milliliter fractions were collected. Fractions eluting between 26 and 32 min were pooled and fractionated again on the same HPLC column. After an initial 2 min wash in 0.1% TFA/water, elution was achieved with a linear biphasic gradient of 26±41% of acetonitrile for 75 min (0.2% acetonitrile´min 21 ) and 60% acetonitrile for 5 min, at a flow rate of 1 mL´min 21 . Fractions eluting between 78 and 80 min were pooled and fractionated once again on the same HPLC column using a linear gradient of 38±54% acetonitrile for 80 min (0.2% acetonitrile´min
21
) at a flow rate of 0.7 mL´min 21 .
Amino-acid sequence analysis
The amino-acid sequences were determined on a gas-phase automatic protein sequencer (Applied Biosystems 476A pulsed liquid delivery peptide sequanator). Phenylthiohydantoin amino acids were detected with an on-line Applied Biosystem 120A analyzer. Data were collected and analysed with an Applied Biosystems 900A module calibrated with 32.5 pmol of phenylthiohydantoin amino-acid standards.
Electrospray ionization mass spectrometry
Mass spectral analysis was performed as described previously [36] using a quadrupole coupled electrospray mass spectrometer (VG Platform). The mass scale was calibrated using myoglobin. The accuracy was^0.1 atomic mass units (amu). Samples (25 pmol) were dissolved in water/acetonitrile (1 : 1, v/v) containing 0.2% formic acid and introduced via a capillary using a microliter syringe. An electrospray voltage of 5 kV was applied to the internal wall of the source at the origin of the liquid dispersion for electrospray formation and ion extraction. Ions were detected and analyzed in the positive mode on the basis of their m/z ratio.
Solid-phase peptide synthesis
Dermatoxin was prepared by stepwise solid-phase synthesis using Fmoc polyamide active ester chemistry on a Milligen 9050 pepsynthesizer. All Na-Fmoc-amino acids were from Milligen. Side-chain protections were tert-butyloxycarbonyl for lysine, Otert-butyl ester for aspartic acid, Otert-butyl ether for threonine and trityl for glutamine. Synthesis was carried out using a triple-coupling protocol: Na-Fmoc-amino acids (4.4 molar excess) were coupled for 30±60 min with 0. 
Circular dichroism
Peptide samples were dissolved in water (0.1 mg´mL
21
) or in 20 and 30% TFA/water (v/v). CD spectra were recorded on a Jobin-Yvon Mark VI high sensitivity dichrograph linked to a PC microprocessor, at room temperature using a quartz cuvette of 1-mm pathlength. All spectra were recorded with a 1-nm step and were baseline corrected. CD measurements were reported as D: (m
.cm 21 ). The relative helix content was deduced according to Zhong & Johnson [37] as follows:
where D: 222 nm is the CD at 222 nm and n is the number of residues in the peptide. This band is almost exclusively due to the a helix.
Cloning procedure
One adult P. bicolor frog was anesthetized with pentobarbital, immersed in liquid nitrogen and kept deep-frozen until further processing. The skin was removed on dry ice and a sample of < 7 g of tissue was homogenized. Total RNAs were extracted as described by Chomczynski & Sacchi [38] . Poly(A 1 ) RNAs were purified over an affinity oligo(dT) spin cellulose column supplied by Pharmacia, and a cDNA library was constructed from skin poly(A 1 ) RNA as described [21] using standard procedures [39] . Recombinant plasmids of the library were extracted from bacteria grown at 37 8C for 16 h in Luria± Bertani medium containing 100 mg´mL 21 ampicilin. An aliquot of the cDNA was used for PCR. The reaction was performed using a sense primer T7 (primer T7: 5
H -AATAC-GACTCACTATAGGG-3 H ) and an antisense specific primer corresponding to amino acids 22±28 of dermatoxin (primer 1: 5 H -AACAGCTTCCCAAATTGATC-3 H ) under the following conditions: 94 8C for 240 s, followed by 30 cycles of 94 8C for 40 s, 53 8C for 30 s and 72 8C for 60 s. At the end of the last cycle, the sample was incubated at 72 8C for a further . Arrow: elution position of synthetic dermatoxin under the same conditions. Inset: Ion spray mass spectrum of purified dermatoxin.
5 min, and electrophoresed in a 1.2% agarose gel. DNA fragments were excised from the gel and purified using the Qiaquick gel extraction kit (Qiagen, France). The PCR product was cloned in the pGEMT-Easy vector system (Promega, France) and sequenced by the dideoxy chain termination technique [40] in double-stranded pGEMT-Easy vector. We used the fluorescence-labeled dye-terminator method and an ABI 377 automatic sequencer. To determine the sequence of the 3 H -end of the preprodermatoxin, we used cDNA as a template with an antisense universal primer (primer PU: 5
H -GTAAAAC-GACGGCCAGTG-3 H ) and a 3 H -sense gene-specific primer deduced from the 5 H -cDNA preprodermatoxin (primer 2 for RACE: 5 H -TTGGGGAGCTTTCTAAAAGG-3 H ; primer 3 for nested PCR: 5 H -GTAGGAACCACATTAGCAAG-3 H ). The temperature cycle used for the RACE PCRs was: 94 8C for 240 s, 30 cycles of denaturation at 94 8C for 40 s, annealing at 55 8C for 30 s and extension at 72 8C for 60 s, and a final extension step of 72 8C for 5 min. PCR products were purified using a Qiaquick Kit, cloned in pGEMT-Easy vector (Promega, France), and sequenced as above.
Tissue distribution
mRNA from frog skin, brain and intestine were prepared using the Micro-FastTrack kit (Invitrogen). RT-PCR were performed using the SuperScript One-Step RT-PCR System (Life Technologies). Both cDNA synthesis and PCR were performed in a single tube using specific primers deduced from the skin preprodermatoxin (primer 4 sense: 5
H -CCTTGTAC-TATTCCTTGGATT-3
H and primer 5 antisense: 5 H -TATGCTT-TAATATAGTTAGTGC-3 H ) and mRNA from frog brain, skin or intestine. The following thermal cycle profile was used for the RT-PCR: 45 8C for 30 min then 94 8C for 2 min, followed by 30 cycles of 94 8C for 40 s, 55 8C for 30 s and 72 8C for 60 s, and a final extension step of 72 8C for 5 min. This was followed by nested PCR using sense primer 6: 5 H -CTATTCCTTGGATTGGTCTC-3 H and an antisense primer 7: 5 H -CCTAAGAGTAATGGGATTTCA-3 H . The following thermal cycle profile was used: 94 8C for 240 s, then 72 8C for 1 min followed by 30 cycles of 94 8C for 40 s, 55 8C for 30 s and 72 8C for 5 min. PCR products were purified using a Qiaquick Kit, cloned in pGEMT-Easy vector (Promega) and sequenced as mentioned above.
Antimicrobial assays
Mollicutes (Acholeplasma laidlawii A-PG8 and Spiroplasma melliferum BC3) were cultured as described previously [41] . Gram-positive eubacteria (Bacillus megaterium KM and ATCC 9885, Staphylococcus aureus ATCC 25923 and Corynebacterium glutamicum ATCC 13032) and Gram-negative eubacteria (Burkholderia cepacia ATCC 25416, Pseudomonas aeruginosa ATCC 27853, Sinorhizobium meliloti 102F34 and Salmonella typhimurium CIP 6062) were grown in Luria± Bertani broth at 37 8C. The minimal inhibitory concentrations (MICs) were determined in 96-well microtitration plates by growing the bacteria in the presence of twofold serial dilutions of peptide. The starting cell concentration in each well was of 10 6 c.f.u.´mL 21 for mollicutes and 10 5 c.f.u.´mL 21 for the other bacteria. To distinguish bacteriostatic effects from bactericidal ones, bacteria were incubated for 2 h in the presence of different concentrations of peptide and plated on solid culture medium containing 1% noble agar. The agar plates were examined daily for the formation of colonies. The minimal lethal concentration (MLC) was defined as the lowest peptide concentration capable of killing $ 99% of the cells. All assays were performed in triplicate.
Microscopy
The 4
H ,6-diamidino-2-phenylindole (DAPI) staining technique [42] was used to assess the presence of DNA within bacteria. Cell suspensions (10 10 c.f.u.´mL 21 of culture medium in the case of S. melliferum BC3 and 10 9 c.f.u.´mL 21 for B. megaterium KM and C. burkholdreria ATCC 25416) were treated with different peptide concentrations and subsequently fixed for 2 h with 2.5% glutaraldehyde pH 7.0 at room temperature. After washing with deionized water, the cells were stained for 15 min with 10 mg DAPI´mL 21 , washed again in water, spread over a glass slide and observed by reflected light fluorescence In this conformation, periodic variation in the hydrophobicity value of the residues along the peptide backbone with a 3.6 residues per cycle period characterize an a helix [53] . Apolar residues are in bold letters using a Leica Diaplan microscope, a Leica filter cube D, a 3-LPloemopak illuminator and a Leitz PL Fluotar oil-immersion objective (Â100; numerical aperture 1.32). Micrographs were taken with a Nikon F-801 camera using Ektachrome 64T color reversal film (ISO 64). For paper printing, the images (green fluorescence signal on dark background) were inverted to yield a dark signal on a clear background.
Measurement of membrane potential in S. melliferum
Exponentially growing spiroplasma cells were harvested, washed once in 5 mm Hepes buffer pH 7.0 containing 128 mm NaCl and 50 mm d-glucose, and dispersed into the same buffer to obtain a suspension of 10 9 c.f.u.´mL
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(D 600 0.10, 30 mg of cell protein´mL 21 ). Membrane potential (DC) was measured using the fluorescent potentiometric dye 3,3
H -dipropyl-2,2 H -thiadicarbocyanine iodide (diSC 3 -[5]) as described previously [43] .
R E S U L T S
Isolation and purification of dermatoxin Skin extracts were fractionated by RP-HPLC preparative chromatography using a 0±60% linear gradient of acetonitrile in water (Fig. 1A) . Fractions eluting between 26 and 32 min were pooled and then fractionated again by RP-HPLC using a linear biphasic gradient of 26±41% of acetonitrile over 75 min, and 60% acetonitrile over 5 min (Fig. 1B) . Peaks eluting at < 37 min (32% acetonitrile), 52 min (35% acetonitrile), 58 min (36% acetonitrile), 66 min (38% acetonitrile) and 72 min (39% acetonitrile) contained dermaseptin B2, dermaseptins B4, B6 and phylloxin [44] , dermaseptin B5, dermaseptin B3 and dermaseptin B1, respectively.
We focused our attention on the last peak eluted between 78 and 80 min (Fig. 1B) . The corresponding fractions were pooled and fractionated again by RP-HPLC using a linear gradient of 38±54% acetonitrile over 80 min (Fig. 1C) . The top of the peak eluting at 52 min (48% acetonitrile) was collected manually and analyzed on a C18 Licrosorb HPLC analytical column (not shown). A single component emerged as a symmetrical sharp peak accounting for . 95% of the eluted UV absorbing material. Inspection of the near-UV spectrum of the peak revealed the absence of the tryptophan residue, characteristic signature of the dermaseptins B. The amount of purified peptide recovered from a single frog specimen was 34 mg. The purified material was directly subjected to amino-acid sequence analysis and mass spectral analysis.
Amino-acid sequence and mass spectrometric analysis
The primary structure of the purified peptide was determined up to residue 32 as SLGSFLKGVGTTLASVGKVVSDQFGKLL-QAGQ, by automated Edman degradation of the peptide (100 pmol). Because sequence analysis does not yield information about post-translational modifications of amino-acid side-chains, the purified peptide was also subjected to mass spectral analysis using electrospray ionization spectrometry. An unequivocal pseudomolecular ion was observed that corresponded to a monoprotonated species [M 1 H] 1 whose molecular mass was 3194.72^0.1 Da (Fig. 1, inset) . Comparison of the peptide mass calculated from the sequence (3193.76 Da) with the mass of the unprotonated molecule measured by mass spectrometry suggested that we had the full sequence of the molecule and that the peptide is not carboxamidated. The peptide is cationic (pI < 9.7) and rich in Gly (19%), Leu (16%), Ser (12.5%) and Val (12.5%).
Secondary structure of dermatoxin
Secondary structure prediction using a combination [45] of the Hierarchical Neural Network, Predator (incorporation of nonlocal interactions in protein secondary structure prediction), self-optimized method for protein secondary structure prediction (SOPM) and SIMPA (algorithm for secondary structure determination in protein based on sequence similarity) methods indicated that dermatoxin has an overall propensity to assume an a-helical conformation encompassing residues 1±29. Figure 2A shows the far-UV CD spectra of dermatoxin in the absence and presence of trifluoroethanol. The far-UV CD spectra of dermatoxin in aqueous solution displayed a weak minimum at 225 nm and a strong minimum at 200 nm. The presence of a strong minimum at 200 nm reflects the large degree of unordered structure, while the weak minimum at 225 nm could signify the existence of either a very weak amount of a helix or a mixture of nascent 3 10 helix and a helix [46] . As shown in Fig. 2 , addition of small amounts of trifluoroethanol to the aqueous solution of dermatoxin strongly modifies the dichroic spectra. Ellipticity decreased at both 208 and 222 nm and increased at 190 nm, depicting stabilization of the a helix structure (75% a helix content in 30% trifluoroethanol) over the random structure. When plotted on a SchifferEdmunson a-helical wheel (Fig. 2B) , dermatoxin-[1±29] had a well-behaved amphipathic helical structure, i.e. almost all of the charged and polar residues were aligned on a portion of the helical cylinder and the lipophilic side chains occupy the remaining surface.
Solid-phase synthesis of dermatoxin
Dermatoxin was synthesized using the solid-phase method to confirm the proposed structure and demonstrate that the biological activities of the native peptide reflect its intrinsic properties. Purification of the synthetic peptides was performed by RP-HPLC. The purified synthetic material had the chemical and physical criteria of dermatoxin, and was indistinguishable from the natural product. Analytical HPLC analysis revealed that synthetic dermatoxin eluted at exactly the same position as the natural substance, and coinjection of the native and synthetic peptides gave a single symmetrical peak (not shown); the sequences of synthetic dermatoxin were determined up to Gln32 using automated Edman degradation; mass spectrometry of a sample of the synthetic peptide gave a pseudo-molecular ion at an m/z-value corresponding to a species with a molecular mass identical to that of the natural peptide. Because the synthetic product was indistinguishable from its natural counterpart, it was used in the following to evaluate the antimicrobial activity.
Antimicrobial activities
Synthetic dermatoxin was tested for antibacterial activity against 10 strains of bacteria including the two mollicutes (wall-less bacteria) A. laidlawii and S. melliferum, the three Gram-positive bacteria B. megaterium (two strains), C. glutamicum and S. aureus, and the four Gram-negative bacteria B. cepacia, P. aeruginosa, S. typhimurium and S. meliloti. These bacteria also differ in their biotopes which contribute to the diversity of the chosen panel. A. laidlawii is a vertebrate parasite which frequently contaminates human and animal tissue cell cultures. B. cepacia, P. aeruginosa and S. aureus are opportunitsic human pathogens, while S. melliferurm is a honeybee pathogen. The other bacteria are nonpathogenic, with B. megaterium and S. meliloti being soil bacteria, and C. glutamicum being used in the industrial production of glutamic acid. As shown in Table 1 , dermatoxin inhibited the growth of six of 10 strains, with a greater efficacy against mollicutes and Gram-positive bacteria. Dermatoxin proved to be bactericidal with MLCs (12.5±100 mm) most often equal to twice the corresponding MICs (6.25±25 mm). The antibacterial spectrum of dermatoxin was similar to that of the peptaibol alamethicin, a 20-residue peptaibol (i.e. a peptide containing a-methylalanines) produced by soil fungi such as Trichoderma viride. Alamethicin is well characterized at the structural and functional levels [47, 48] and probably forms voltagedependent chanels in bacterial target membranes similar to those observed in model membranes [49] . It thus appears convenient to use alamethicin as a reference for the characterization of new membrane-active peptides. Alamethicin is generally more efficient than dermatoxin, but it should be noted that 25±100 mm dermatoxin was capable of killing 50% of B. cepacia cells whereas alamethicin was inactive even at a concentration of 100 mm.
Observation of the cells using reflected light fluorescence microscopy after DNA-staining with DAPI revealed three distinct situations with respect to the morphological effects of dermatoxin (Fig. 3) . B. megaterium did not show any visible alteration after a 2-h treatment with 25 mm dermatoxin or alamethicin (compare Fig. 3A,D,G) . Alamethicin-treated B. cepacia cells (Fig. 3H) were not different from untreated cells (Fig. 3B) , whereas < 50% of the cells were damaged by 50 mm dermatoxin (Fig. 3E) . In S. melliferum, a bacterium which is not protected by a cell wall, the effects were more dramatic. After 1 h of treatment with 25 mm dermatoxin, the filamentous, helical cells (Fig. 3C) were split into coccoid vesicles still containing DNA (Fig. 3F) , whereas 10 mm alamethicin split the cells into much smaller vesicles (Fig. 3I) . The low DAPI-staining of these vesicles and the observation of background fluorescence in this latter case suggest that alamethicin effectively lysed the cells, releasing DNA into the medium. The effects of the peptides on the morphology of spiroplasma cells proved to be correlated with their effects on the membrane potential of nongrowing cells: 2.5 mm dermatoxin decreased within 3 min the potential from < 68 to 38 mV (inside negative), whereas under the same conditions, the potential was fully collapsed by 2.5 mm alamethicin.
Cloning of cDNA encoding dermatoxin precursor
We used a PCR amplify the mature preprosequence from skin poly(A
1
) mRNA with primers based on the N-terminal and C-terminal coding sequences of dermatoxin. Because PCR experiments provided only partial informations about the target sequence, the cDNA ends were amplified on plasmids prepared from the cDNA library. A cloned 349-bp cDNA was obtained and contained an ORF encoding a 77 amino-acid sequence starting with a methionine codon and ending with a stop codon (Fig. 4) . The deduced amino-acid sequence begins with a 22-residue putative signal peptide containing numerous hydrophobic amino-acid residues. The cleavage site for the signal peptidase is most likely located after the cysteine residue in position 22 as predicted by the method of Von Heijne [50] . The putative signal sequence (residues 1±22) is followed by an acidic propiece (residues 23±44) comprising 22 residues with a pair of basic residues Lys43-Arg44 at its C-terminus. The dermatoxin progenitor sequence is located at the extreme C-terminus of the precursor, flanked to the acidic propiece. Cleavage of the precursor at the carboxyl side of the basic doublet by endoproteases and removal of the basic residues by carboxypeptidases would also liberate, on addition to the 32-residue dermatoxin, an acidic peptide of 20 residues with unknown activity, which is extremely rich in glutamic acid (45%, normal 6.2%).
The cDNA sequence clearly confirmed the amino-acid sequence of dermatoxin obtained using biochemical methods and showed that the extra Gly residue at the carboxyl end of the dermatoxin progenitor sequence is not involved in the formation of a C-terminal peptide amide. Preprodermatoxin also had the characteristic features of the preproforms that belong to the dermaseptin family of peptide precursors, including a conserved signal peptide and an acidic propiece followed by a typical Lys-Arg processing site. The preproregion of preprodermatoxin is superimposable on that of other precursors of this familly with only a few exceptions (Fig. 6) . It is thus likely that preprodermatoxin is a hitherto unknown member of the dermaseptins family of peptide precursors.
Tissue distribution of preprodermatoxin
The distribution of mRNA for preprodermatoxin was examined by RT-PCR using specific oligonucleotide primers (see Matertials and methods). A single amplification signal was observed at the expected size in the skin, intestine and brain (Fig. 5) . To certify that the amplified products correspond to preprodermatoxin mRNA, the purified PCR products were cloned in pGEM-Easy vector and sequenced. As shown in Fig. 4 , isolated clones from the intestine and brain have the same sequence as the skin preprodermatoxin except for two neutral base changes in the translated region of the former, and six nucleotide changes in the latter which cause a Ile21 for Leu21 and Glu24 for Ser24 substitution in the preproregion of the brain precursor. Variation between the brain, skin and gut cDNA nucleotide sequences suggest that there may be additional alleles or more than one dermatoxin gene.
D I S C U S S I O N
Here we report the isolation of dermatoxin, a novel 32-residue linear peptide with bactericidal activity, in skin secretions of P. bicolor Dermatoxin is made as a preproprotein that belongs to the dermaseptin family of peptide precursors which are characterized by strongly conserved preproregions followed by strikingly variable C-terminal sequences corresponding to chemically and functionally different mature peptides. They include the dermaseptins B and phylloxin [44] , amphipathic antimicrobial peptides from Phyllomedusa ssp., as well as dermorphins and deltorphins, d-amino-acid-containing heptapeptides which are very potent and specific agonists of the m-opiod or d-opioid receptors [33±35]. Dermatoxin is both amphipathic and bactericidal but its sequence and mechanism of cell killing are very different to those of dermaseptins B and phylloxin. Yet, the preproregion of preprodermatoxin is superimposable on that of preprodermaseptins B with only few exceptions (Fig. 6) , i.e. the amino-acid positional identity between the N-terminal regions encompassing the signal peptides and the acidic propiece is . 80% in the peptide sequences. Also, the 5 H -UTR and 3 H -UTR of the corresponding cDNAs share 45±86% and 47±57% identity, respectively, in the regions of overlap. A similar conclusion can be drawn when preprodermatoxin is compared with other members of the preprodermaseptin family (Fig. 6) . The skin of these frogs thus seems to contain a whole family of transcribed genes which have a common origin but give rise to peptides with very different primary structures and activities.
Dermatoxin proved to be bactericidal, with a spectrum rather similar to that of alamethicin ( Table 1 ). The two peptides were indeed more active against mollicutes and Grampositive bacteria than towards Gram-negative bacteria, although [21, 24, 25] , preprophylloxin (PLX) [44] , preprodermorphin (DRM) [27] , preprodeltorphins (DELT) [31] and preprodeltorphin II (DELT-II) [32] from Phyllomedusa ssp. Gaps (±) have been introduced to maximize sequence similarities. The signal peptide (residues 1±22), the acidic propiece and the processing site Lys-Arg are given in bold. The star indicates the putative cleavage site of the signal peptide. Sequences corresponding to the mature peptides are given in italics.
alameticin is more hydrophobic and less amphipathic than dermatoxin. Because only Gram-negative eubacteria are protected by an outer membrane, it is tempting to speculate that their higher resistance to the peptides was due, at least in part, to the presence of this second membrane in their envelope. However, it should be noted that the growth of S. meliloti (a Gram-negative bacterium) was inhibited by both peptides and, furthermore, dermatoxin killed < 50% of B. cepacia cells (also a Gram-negative bacterium) under conditions in which, as expected, alamethicin was inactive. This observation is important for it shows that B. cepacia cell populations contain a mixture of dermatoxin-sentive and unsensitive variants, and that the growth inhibition test in liquid medium fails to reveal such a phenomenon. Further investigation is necessary to determine whether this resistance is specific of the B. cepacia/ dermatoxin interaction or if it may occur with other antimicrobial peptides and/or with other bacterial species.
Experiments performed with the mollicute S. melliferum suggest that the plasma membrane is the primary target of dermatoxin because the peptide depolarized the membrane potential, albeit less efficiently than alamethicin. This interpretation in consistent with the fact that in growth inhibition assays, alamethicin had a higher toxicity towards spiroplasma cells than dermatoxin. Furthermore, the absence of visible alterations of the morphology of B. megaterium which, as a Gram-positive eubacterium, is surrounded by a thick cell wall, is also consistent with a mechanism of cell killing based upon the alteration of membrane permeability rather than membrane solubilization as observed with dermaseptins B. We have recently shown that alamethicin collapses the bacterial membrane potential very likely by forming ion-conducting channels through the plasma membrane [49] . It remains, however, to be proven whether this is also the case for dermatoxin. Finally, as regards to antimicrobial activity, the biological significance of the presence of a complex mixture of peptide antibiotics which exhibit significant differences in specificity and potency in Phyllomedusa skin may be that they provide the frog with greater protection against a wider range of potential invaders at a minimum metabolic cost.
The conservation of the signal peptide among precursors of the dermaseptin family that encode peptides whose structures and activities diverge widely is a unique phenomenon. Indeed, although the overall organization of eukaryotic signal peptides is evolutionarily conserved, no sequence similarity exists apart from a few exceptions. In mammals for instance, several antimicrobial peptides are issued from the C-terminal variable domain of cathelicidins, a family of precursors that possesses very similar preproregions [51] . However, although the mature peptides differ in their structure and length, they all have similar biological activity. Hence, the evolutionary pressure which results in the conservation of the signal peptide in precursors of the dermaseptin family suggests that this topogenic sequence may have additional functions that remain to be discovered. Along these lines, several mechanisms may contribute to the generation of precursors containing conserved preproregions and multiple forms of mature active peptides. Several genes encoding dermaseptins B have recently been cloned [52] which show a two exon-coding structure, the first containing codons for the conserved 22-residue signal peptide and the first three glutamic residues of the acidic propiece, and the second exon encoding the remainder of the conserved acidic propiece plus the processing signal Lys-Arg and a dermaseptin B progenitor sequence. The small intron that interrupts the two coding exons exhibit strong sequence conservation in all the dermaseptin genes, suggesting that gene family expansion may have occurred recently, or that specific gene conversion events have occurred to ensure overall sequence conservation. Because the conserved preproregion is in the same gene as the mature peptide it cannot have been added on by post-transcriptional events. Also, several mismatches in the 5 H -regions of the corresponding cDNAs indicate that, in general, preprodermaseptins do not originate by post-transcriptional processing. If the dermaseptin B genes are representative of other dermaseptin-asociated peptide genes, this organization would favor recombinations involving association of diverse coding exon 2s with the first highly conserved coding exon. Also, frame shift mutations could explain the variations in exon 2 while conservation in the intron sequence could indicate an exon shuffling.
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